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Abstract-In this study, the growth pattern of juvenile European hake (Merluccius merluccius) was analyzed in relation to oceanographic and ecological factors in the Ligurian Sea and northern Tyrrhenian Sea, both part of the Mediterranean Sea. The ages of juvenile European hake, collected during a trawl survey in June 2011, were estimated by reading otolith daily growth rings. The growth pattern (length-age relationship) of juvenile European hake recruited to the population (<1 year old) was analyzed by fitting a multivariate generalized additive model with explanatory variables: depth, bottom temperature, sea-surface temperature, scalar wind speed, chlorophyll-a concentration, and fish density (number of individuals per square kilometer). A significant effect of density on the length-age relationship was found, and an increased growth rate at densities >3000 individuals km −2 . This observed positive effect of density on growth could be argued to be a consequence of favorable environmental conditions, such as food availability and temperature, where both fish density and growth are maximized. Conversely, areas of lower density correspond to habitats of low suitability, where growth is impaired.
The European hake (Merluccius merluccius) is a demersal fish widely distributed in the Mediterranean Sea and in the northeastern Atlantic (Murua, 2010) . In the Mediterranean Sea, it is a major component of the demersal fish assemblages on both the continental shelf and the upper slope (Orsi Relini et al., 2002; Colloca et al., 2004) . Juvenile European hake aggregate in nursery areas located on the continental shelf break (Maynou et al., 2003; Abella et al., 2005; Bartolino et al., 2008a; Hidalgo et al., 2008) , and adult fish can be found in a wider depth range from the shelf to the upper slope (Aldebert et al., 1993; Sbrana et al., 2007; Cartes et al., 2009; Bartolino et al., 2011) . Because of its abundance and wide spatial distribution, the European hake is one of the most highly exploited species in the Mediterranean Sea, targeted by multigear fisheries. The bulk of the catch of this species is obtained from trawl fisheries, which mainly exploit the youngest portion of the population (≤30 cm in total length [TL] ). However, there are still relatively high discard rates of undersize fish (Cardinale et al., 2011) despite an amendment in 2010 in the European Union Council Regulation to increase trawl codend mesh size (European Union Council Regulation 1967 . The adult fraction (>40 cm TL) is exploited by gillnet and longline fisheries (Sbrana 70 Fishery Bulletin 113(1) et Bartolino et al., 2011) . This pattern results in high exploitation rates across the entire population, from small individuals (<15 cm TL) to large females (>60 cm TL) in spawning aggregations (Aldebert et al., 1993) and highlights the importance of management measures to reduce the catch of both juveniles and spawning adults (Drouineau et al., 2010) .
The very high concentration of juvenile European hake along the coasts of Italy in the Ligurian and Tyrrhenian Seas indicates that these areas are the main European hake nurseries in the northwestern Mediterranean basin (Orsi Relini et al., 2002; Colloca et al., 2009 ). Orsi Relini et al. (2002 estimated mean densities of European hake recruits to be up to 8 times higher than densities reported for other nurseries in the Mediterranean Sea. In the Tyrrhenian Sea, at the boundary between the continental shelf and the upper slope, densities >25,000 individuals km −2 have been observed (Colloca et al., 2009) .
Despite many studies of the biology of European hake in the Mediterranean Sea, the growth pattern of juveniles is still controversial (Drouineau et al., 2010) . It is not clear whether the reported variability in the growth rate of European hake juveniles is due to methodological differences in the approaches used for age determination or due to natural variability in growth processes.
Atmospheric processes and oceanographic features are known to have a key role in recruit condition and recruitment strength of other fishes. A link between environmental variables (e.g., climate variability, temperature, and phytoplankton production) and recruitment of Atlantic cod (Gadus morhua) in the North Sea and northeastern Atlantic has been described previously (Köster et al., 2005; Steingrund and Gaard, 2005; Stige et al., 2006; Beggs et al., 2014) . Furthermore, increases in temperature in the North Sea have been reported to affect growth dynamics of haddock (Melanogrammus aeglefinus) (Baudron et al., 2011) . Thermal conditions have been reported to affect recruitment and distribution of Pacific cod (Gadus macrocephalus) in the eastern Barents Sea (Hurst et al., 2012) , of Pacific hake (Merluccius productus) along the western coast of North America (Agostini et al., 2008) , and of Chilean hake (Merluccius gayi gayi) in the south Pacific (San Martín et al., 2013) . Within-year variability in growth of recruits of Argentine hake (Merluccius hubbsi) in response to environmental variables was found by Norbis et al. (1999) along Uruguayan coasts, and interannual variability in growth was found in Pacific hake (Woodbury et al., 1995) .
Density-related growth relationships also have been described for a range of species: Bromley (1989) found a negative relationship between growth and fish density in both 1-year-old (I group) and 2-year-old (II group) Atlantic cod, whiting (Merlangius merlangus), and haddock in the North Sea: fish in areas of low density were larger than fish in areas of high density, possibly because of feeding competition in high density areas.
Although environmental and oceanographic features are known to affect recruit condition and recruitment strength of European hake (Alvarez et al., 2001; Maynou et al., 2003; Olivar et al., 2003; Abella et al., 2008; Bartolino et al., 2008a; Hidalgo et al., 2008) , understanding of the effect of those factors on the growth dynamics of juvenile European hake is still limited.
The aim of the present study was to model the growth of European hake juveniles to determine the effects of environmental variables (i.e., sea-surface temperature, bottom temperature, depth, scalar wind speed, chlorophyll-a) and population factors (i.e., fish density) using a generalized additive model (GAM) (Hastie and Tibshirani, 1990 ).
Materials and methods

Study area
For this study, the growth pattern of juvenile European hake was analyzed in northwestern Italian waters, which include the Ligurian Sea and the northern Tyrrhenian Sea (Fig. 1) . The Tyrrhenian Sea is generally considered a distinct entity within the western Mediterranean basin because it is semi-enclosed between the islands of Corsica, Sardinia, and Elba and the mainland (Italy) and is separated from the rest of the western basin by a channel of moderate depth, about 1500 m (Orfila et al., 2005) . Along the central western Italian coasts, the Tyrrhenian Current, also called the Eastern Corsica Current, flows northward through the Corsica Channel into the Ligurian Sea. The Corsica Channel is the passage between the islands of Corsica and Elba that connects the northern Tyrrhenian Sea to the southern Ligurian Sea. It plays a key role for water circulation in the northwestern Mediterranean Sea because the water exchange that runs through it involves the whole water column (Gasparini et al., 1999) .
The general seasonal pattern of phytoplankton dynamics is typical of subtropical areas, with a bloom period of maximum productivity from February to April and a period of minimum productivity in summer months. The intensity of this winter-spring bloom varies significantly between years. In the Ligurian Sea, a substantial positive correlation links the intensity of the phytoplankton winter-spring bloom with a strong autumn-winter water turbulence (which is mainly driven by winds), and reduced wind mixing in March (Nezlin et al., 2004) .
Trawl sampling and environmental data
Specimens of juvenile European hake were collected from 13 of the 120 trawl stations sampled in June 2011 during an experimental bottom trawl survey, the Mediterranean International Trawl Survey (MEDITS; see Bertrand et al., 2002 , for technical specifications) in the Ligurian and northern Tyrrhenian Seas (Fig. 1 ). To cover the relevant nursery areas, identified by Colloca et al. (2009) , 5 of the 13 stations from which specimens were collected were located in the Tyrrhenian basin and 8 were located in the Ligurian Sea.
For each station, a suite of oceanographic and ecological variables that potentially affect growth processes of the European hake was obtained (Table 1) . Satellite data at a fine spatial scale for sea-surface temperature (SST, degrees Celsius), scalar wind speed (meters per second), and chlorophyll-a concentration (milligrams per cubic meter) were used (MyOcean follow-on project, http://www.myocean.eu); daily data were averaged for the period of January-March 2011. Bottom temperature (degrees Celsius) was measured and mean depth (meters) was recorded at each station by using a DST centi-TD 1 temperature and depth probe, with supporting SeaStar software (Star-Oddi, Gardabaer, Iceland), attached to the trawl net. European hake juveniles were identified according to the morphological features described by Murua (2010) . At each station, density (number of individuals per square kilometer) of juvenile European hake was computed as the ratio between the number of recruits and the swept area (unit of measurement km 2 ).
Otolith reading
All specimens of European hake that were caught at the 13 selected stations were measured in TL to the nearest 0.5 cm; otoliths (sagittae) were removed from a subsample of 318 individuals that ranged in size from 4.5 to 18.0 cm TL. The upper size limit of 18.0 cm TL was used to define European hake recruits (fish in their first year of life) (Belcari et al., 2006) . The length-frequency distribution of the specimens caught at the 13 stations was broken down into normal components by using Batthacharya's method (Bhattacharya, 1967) .
Left sagittae were ground on wet sandpaper, polished on abrasive cloth with alumina slurry, and mounted external-side up on glass slides with a 2-component epoxy resin; a second grinding and polishing procedure was performed to obtain thin frontal sections (Belcari et al., 2006) . Microstructure analysis (counting of daily growth rings) of otolith sections was carried out with a compound green-light, polarizing microscope with plan apochromatic objectives. The number of daily increments deposited within the primordium, the central area of the otolith (Morales- Nin and Moranta, 2004) , was recorded to estimate the duration of the presettlement period of this species (Arneri and Morales-Nin, 2000; Morales-Nin and Moranta, 2004; Belcari et al., 2006) .
Otolith readings were used to back-calculate the hatching-date distribution by subtracting the fish age from the date of capture. An indirect validation of the periodicity of increment formation was obtained by comparing the estimated hatching-date distribution with the spawning period of the species (Arneri and Morales-Nin, 2000; Panfili et al., 2002; Belcari et al., 2006) . To estimate the age-frequency distribution and to back-calculate the hatching-date distribution, the age-length key that resulted from the readings was applied to the length-frequency distribution that was obtained from the 13 stations that were sampled. In addition, a subsample of 40 otoliths was reread by the same operators for evaluation of the match between the readings (Belcari et al., 2006) .
Data analysis
A multivariate GAM with Gaussian distribution was used to describe the growth of juvenile European hake, specifically the length-age relationship and environmental covariates. For the initial model that was used Table 1 Environmental and ecological variables used in the generalized additive model (GAM) of environmental effects on growth of juvenile European hake (Merluccius merluccius) in the northwestern Mediterranean Sea. European hake were sampled in June 2011 in the Tyrrhenian Sea (Tyr) and Ligurian Sea (Lig). Latitude (Lat.) and longitude (Long.) of the mean point of each haul are shown, as well as the number of specimens (otoliths), mean bottom temperature (Bottom temp.), mean depth, and recruit density (number of individuals per square kilometer) recorded in each haul, the mean sea-surface temperature (SST), mean wind scalar speed, and mean concentration of chlorophyll-a (chl-a) used in the GAM. the model with the lowest Akaike's information criterion (AIC) was selected as the best model, which is the model that best fits the set of data. The degree of collinearity between explanatory variables was tested with plots of paired variables (pairplots), a matrix of scatter plots that show the bivariate relationships of variables, and variance inflation factor (VIF) values (Zuur et al., 2009 ). Variables with a high Pearson's correlation coefficient (r) (>0.8, absolute value) and a high VIF value (>3) were considered correlated, and one of the pair was removed. A backward stepwise model selection procedure based on analysis of variance and on the AIC was used to identify the most parsimonious model with the greatest explanatory power. The significance of each variable in the GAM was determined by means of analysis of variance (Ftest). The levels of constraints (k) for splines were reduced from a maximum, but still achieving convergence to 1. The level of constraint for the number of splines that were used in the final analysis was selected by a comparison of AIC scores. Model residuals were tested for assumptions of homogeneity and normality (Zuur et al., 2009) . A multiple linear regression model that used the final selected explanatory variables also was compared with the GAM model by using analysis of variance and AIC. Data exploration and analyses were carried out with the package R, vers. 2.15.2, and the associated mgcv package (R Core Team, 2012 ). An assumed significance level of 5% was used in all statistical analyses.
Recruit
to define the length-age relationship with covariates, the following equation was used:
where bottom T, density, and depth = the bottom temperature, European hake recruit density, and depth from each station, respectively; and SST, wind, and chl-a = sea-surface temperature, scalar wind speed and chlorophyll-a concentration averaged over the period of January-March 2011.
To evaluate possible differences in recruit growth patterns, the area (Ligurian Sea or Tyrrhenian Sea) was included in the analysis and treated as a factor (Area). Following the findings by Bartolino et al. (2008b) , which included observation of a stable pattern of depth preference by juvenile European hake, the interaction between depth and fish density (f 8 ) was also included in the GAM.
Two forms of this model were constructed. With the first, a continuous variable of density was assumed; this first form was compared with a second model in which density was treated as a 3-level factor: low (<2000 individuals km −2 ), medium (2000-4000 individuals km −2 ) and high (>4000 individuals km −2 ). Then, the fit of these models was compared. Analysis of variance was used to test for a significant difference in model fit, and 
Results
At the 13 selected stations, 3123 specimens of European hake were caught during the 2011 MEDITS in the Ligurian Sea and northern Tyrrhenian Sea. Sizes ranged from 4.0 to 41.0 cm TL; the length-frequency distribution of the specimens belonging to the first year class (up to 18 cm TL) is shown in Figure 2 . The length-frequency distribution showed a single normal component with mean size of 9.0 cm TL (standard deviation [SD] 2.0).
Counts of otolith daily increments from microstructure analysis ranged from 77 to 340. The number of increments within the primordium of the otolith ranged between 36 and 70, with an average of 50 (SD 5). The results of the rereading of 40 otolith slides used by Belcari et al. (2006) showed no discrepancies larger than 10%, a proportion that is considered a reading precision threshold (Arneri and Morales-Nin, 2000) , providing further support for the reading method used in the present study.
Back-calculation of hatching dates provided estimates of the main hatching period to be from December 2010 to March 2011, with a peak during JanuaryFebruary 2011 (Fig. 3) .
A subsample of 271 individuals was used to fit the growth model by means of GAM. The 271 individuals were born during the main hatching period (December 2010-March 2011) with a size range between 4.5 and 13 cm TL and an age range between 77 and 205 days (Fig. 4) ; therefore, they represented a single cohort.
Data exploration highlighted collinearity between area, bottom temperature, SST, and scalar wind speed (Fig. 5) , supported by r >0.8 and VIF values >3. Therefore, area, SST, and scalar wind speed were removed from the model, and a model containing age, bottom temperature, fish density, depth, chlorophyll-a, and the second-order interaction depth:density as explanatory variables was tested by means of analysis of variance and backward selection:
Based on backward selection, the best model (Table  2) , with variables significant only at the 5% level and with the lowest AIC (689.3), contained only age and density as explanatory variables:
That final model explained 81% of the total deviance, with a generalized cross-validation score of 0.727. The multiple linear regression model fitted with the same explanatory variables had heterogeneity within the model residuals, as well as a higher AIC (704.2). The analysis of variance between these models was significant (F=9.221, P<0.05), indicating that the smoothers were not linear.
The explanatory variable age had a linear effect, although with some fluctuations, especially in the first part of the age range. However, in the older part of the age range, the smoothing function that describes the relationship between age and length flattened, indicating a decrease in growth rate. The effect of density on the growth rate was positive up to 3000 individuals km −2 , and had a weak negative effect at higher densities (Fig. 6) . At the stations that had a recruit density higher than 3000 individuals km −2 , the length at age was on average 0.5 cm TL greater than the length at age observed at stations with lower densities.
The value of k selected for the final analysis of the effect of density, by comparison of AIC scores, was 4. The AIC was higher when values of k >4 were used, and a "dome-shaped" effect caused by the lack of observations of densities between 3700 and 6000 individuals km −2 was evident. With k set at a value of 4, the effect of density showed an increasing trend up to 3700 individuals km −2 and then a rather constant pattern at higher densities, limiting the effect caused by fitting the model in the area where values of density were missing in the database. Further, the use of the variable density as a factor (3-level factor) was tested. The results were similar to those obtained with the model that had a continuous variable of density: increasing growth rate with density, although with a slight decrease at very high densities. However, this model had a higher AIC and, therefore, was less suitable in its fit to the data than the model that used density as a continuous variable and a k value of 4. An inspection of the graphs for the model (Fig. 7) shows that there was no evidence of a pattern within the model residuals.
Discussion
Despite the ongoing debate about general issues of age estimation in European hake, reading daily growth rings on otoliths has proved to be a useful tool in the understanding of the first year of growth (Arneri and Morales-Nin, 2000) . The use of annual rings on otoliths led to the assumption that the European hake grows slowly (Drouineau et al., 2010) , but further studies on adult growth that have used tagging campaigns (de Pontual et al., 2003; Piñeiro et al., 2007) and analysis of otolith daily increments in juveniles (Arneri and MoralesNin, 2000; Morales-Nin and Moranta, 2004; Kacher and Amara, 2005, Belcari et al., 2006; Piñeiro et al., 2008; Otxotorena et al., 2010) have revealed that the growth rate is probably much faster than previously thought.
Results from the present study are consistent with the main findings of recent studies on juvenile European hake growth in both the Atlantic and the Mediterranean Sea, which indicate a fast growth rate of about 0.6 mm day -1 during the first year of life (Morales-Nin and Moranta, 2004; Kacher and Amara, 2005; Belcari et al., 2006; Otxotorena et al., 2010) . Also, the results of back-calculations of birth dates are in agreement with the available knowledge on spawning and recruitment of European hake in the western Mediterranean Sea (Maynou et al., 2003; Abella et al., 2005; Belcari et al., 2006; Recasens et al., 2008) .
The present study is one of the first attempts to fit a recruit growth model for European hake with factors that could potentially affect growth dynamics. Through the application of a GAM on the length-age relationship, recruit density (number of individuals per square kilometer) was found to have a significant effect on the growth dynamics of European hake recruits; however, Pairs plot for all the explanatory variables in the data set used for this study of (Merluccius merluccius) in the northwestern Mediterranean Sea. The upper diagonal panel shows the Pearson's correlation coefficient, and the lower diagonal panel shows the scatterplots with a smoother added to visualize the pattern. The font size of the correlation coefficient is proportional to its estimated value.
no evidence of effects exerted by oceanographic features were found. Atmospheric processes and oceanographic features instead played a role in determining variations in recruitment strength of European hake (Alvarez et al., 2001; Maynou et al., 2003; Olivar et al., 2003; Abella et al., 2008; Bartolino et al., 2008a) . Also, although Hidalgo et al. (2008) found spatial and temporal differences related to environmental and hydrographical variables in recruitment processes and condition of European hake around Balearic Islands, they did not observe any differences in growth of this species.
The observed positive effect of recruit density could be interpreted as an optimal density window where growth is maximized. Fast growth was observed for densities of around 3000 individuals km −2 , and growth remained slightly constant at higher densities. Still, recruit growth remained greater in areas of high density of recruits than in areas with low density, which could correspond to habitats of low suitability, where Table 2 Summary of the backward selection of the best model in the generalized additive model. The best model, with smoothers that are all significant and that has the lowest AIC value, is highlighted in bold. Explanatory variables included mean bottom temperature (temp.); mean depth; recruit density (number of individuals per square kilometer); mean concentration of chlorophyll-a (chl-a); and age (days). Depth:density is the interaction; "y" and "n" indicate the explanatory variables included and excluded in GAMs. Measures of model fitness were deviance explained (Dev. expl.), coefficient of determination (r 2 ), generalized cross-validation score (GCV), and Akaike's information criterion (AIC); ns=not significant: P>0.05; **=P<0.01; ***=P<0.001. Figure 6 Estimated smoothing curves for the optimal generalized additive model representing the effects of (A) age ( growth is impaired. Bromley (1989) found a negative relationship between density and growth in some gadoid (Atlantic cod, whiting, and haddock) juveniles in the North Sea. The ecological factors that affect differences in growth between areas deserve further multiyear investigations, for example, through sampling to examine the abundance of prey, such as macrozooplankton, in the main nursery areas (Ferraton et al., 2007; Cartes et al., 2009) . Indirect evidence of the environmental quality of European hake nurseries in the Mediterranean Sea has been inferred from their high spatiotemporal stability (Fiorentino et al., 2003; Colloca et al., 2009 ). In the Ligurian Sea and Tyrrhenian Sea, after 2 months spent in the pelagic environment (in the present study; also, see Belcari et al., 2006) , European hake larvae were transported by eddies and frontal systems to areas of relatively high planktonic production that resulted from upwelling (Abella et al., 2008) . These areas are located along the shelf break (Colloca et al., 2004) , where production is enhanced by upwelling and water turbulence, both of which increase the transport and nutrient input of organic matter into the water column (Pinazo et al., 1996) . The entire trophic chain, therefore, is increased, including a positive effect on the main prey of European hake recruits, in particular euphausiids and mysids, which reach their highest diurnal abundance on the shelf break (Colloca et al., 2004) .
Mean
The high spatial stability over time of the main hake nurseries in the Ligurian and Tyrrhenian Seas presents a potentially valuable feature for conservation and management purposes-one that, for instance, could be leveraged to ensure long-term effectiveness of no-take areas: Colloca et al. (2009) estimated that the closure of highly persistent nurseries would result in a small reduction of the exploitable fishery area (around 5%) and the protection of a considerable fraction (40%) of the estimated total number of recruits. In a recent study, Cannella et al. (2011) found high hepatosomatic index values, a proxy for body condition, in recruits of European hake from areas of high density in the Tyrrhenian Sea, support the hypothesis that high-density nurseries around the shelf break are high-quality areas where juveniles find environmental conditions of food and temperature that are appropriate for survival and growth.
The present study is limited to growth estimation from a single year. However, although a longer time series of multiyear data is needed to sufficiently understand the role of environmental variables and densitybased factors on growth, the results from the present study provide a first baseline and rationale in corroborating the key role played by high-quality nurseries for recruitment success. The results from this study indicate that European hake recruits grow faster inside their main nurseries than outside them, thereby increasing their chance to survive before they migrate to shallower areas on the continental platform. According to the definition by Dahlgren et al. (2006) , these areas can be regarded as "effective juvenile habitats." In the areas that were identified as effective juvenile habitats, environmental characteristics (e.g., food avail-ability and protection to predation) enhance juvenile condition and growth.
Juveniles of European hake are exposed to trawl fisheries after bottom settlement in their nursery grounds. Therefore, a reduction in fishing mortality of immature fish could be a fundamental prerequisite for sustainable fisheries. The implementation of the following requirements-use of a large mesh size, squaremesh panels, and selection grids in trawl fisheries-has reduced the bycatch of juvenile European hake (Sardà et al., 2004; Lucchetti, 2008) . However, these measures may not be sufficiently effective in protecting juveniles and nursery areas. In fact, the use of gear selectivity as a fishery management tool without adequate research into the fate of escaping juvenile fish should be cause for concern for any fishery (Chopin and Arimoto, 1995) . Moreover, trawling activities are known to cause alterations to the bottom of the seafloor, reducing habitat complexity and altering benthic community structure (Kaiser et al., 2002) , both of which are fundamental components of habitat for juvenile European hake. Therefore, a deeper understanding of the importance of the quality of recruitment habitats (i.e., nurseries) on the growth and the survival of juveniles of European hake is a challenging task that could be relevant for conservation purposes (e.g., protection of nursery grounds).
